Cyclic low amplitude loading and a huge number of cycles characterizes the Very High Cycle Fatigue (VHCF) regime. The challenge in research of the VHCF regime is to apply this large number of cycles to fracture in an acceptable time frame. For this reason, it is essential to use a machine, which is able to operate at high frequencies. In the following, two testing machine concepts with piezo actuators are presented. In the first concept, a high performance piezo stack actuator is presented, in which the specimen and the load cell are mechanically assembled in series. This set-up applies forces up to 10 kN and testing frequencies up to 1000 Hz. The second testing facility is a hybrid testing system, which consists of an inertial mass actuator and a servo hydraulic actuator connected in parallel. Both systems are capable of testing normal specimen dimensions and provide the possibility to work with variable amplitude loading as well as constant amplitude loading.
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INTRODUCTION
Under service conditions, mechanical parts such as wheel set axles of trains or engine parts are loaded for a long time until the VHCF regime is reached. For experimental laboratory investigations with statistical validity, the VHCF regime must be reached in a reasonably short time in order to be efficient. The aim is to achieve the maximum reduction in testing time. An effective way to achieve this is to increase the test frequency provided that there is no accompanying negative effect overlaid, which is dependent on time such as corrosion, yielding or heating. Conventionally, fatigue tests are carried out with servo hydraulic or electromagnetic linear actuators, which are used as resonance systems or are based on the voice coil principle. Servo hydraulic testing facilities are very expensive with regard to maintenance and do not reach very high frequencies. Compared to these, electromagnetic testing facilities are favourable in terms of operating costs but cannot reach satisfactory forces at high frequencies. Furthermore, electromagnetic resonance testing facilities have only a slightly changeable working frequency, which depends on the spring stiffness of the specimen and the characteristic of the inertial mass. Hence, such systems are not applicable for variable amplitude loading (load-time histories) or changes of frequency such as are needed in testing with operating loads.
The first real high frequency testing system was the ultrasonic testing system [ 1 ] . Based on a piezo driven ultrasonic generator and using special specimens, this system provides potential testing frequencies of about 20 kHz. Being fixed only within the upper clamping, this ultra high testing speed is induced by initialising a standing wave in the specimen. However, the high energy concentration leads to the warming up of unnotched specimens. For this reason, the specimen is driven for a short time to avoid the unallowable heating. Afterwards, a cooling phase has to be integrated in order to cool down the specimen. This phase can last longer than the testing phase until the temperature of the specimen is within an acceptable range. Taking into account the time for cooling, the effective testing frequency is considerably lower than the nominal testing frequency. Another difficulty is the need to observe the transient effect and the decay process of the amplitude within each testing sequence and its contribution to the cumulative damage. For these reasons, new testing machines have been developed. They combine the variability of the servo-hydraulic testing machines, the independence of the electromagnetic testing facilities from hydraulic supply systems and the high testing speed and the shortened testing time available from ultrasonic testing devices.
BASIC PRINCIPLES OF PIEZO ACTUATORS

Inverse piezo electrical effect
The piezo electrical effect describes the characteristic of special crystalline materials, which change their electrical state while being stressed mechanically. [ 2 ] Compression of a piezo ceramic causes an electrical displacement within the piezo crystal that can be measured as an electrical potential. If an electrical field is applied to the piezo crystal, it expands by up to 0.1% of its length. This effect is known as the inverse piezo electrical effect and is the technical basis of piezo actuators.
Special characteristics of piezo actuators
The main characteristics of piezo actuators are free stroke and blocking force. The static load line of the actuator is determined with these values. In contrast, for instance, to hydraulic actuators, it is not possible to generate the maximum force at every actuator position. The operating area also depends on the stiffness of the test specimen. Fig. 1 shows the relationship between actuator stroke, force and stiffness of the specimen. Piezo actuators can be driven in a wide frequency range -from quasi-static to several kHz. Together with a sophisticated electrical amplifier and a fast controller, it is possible to simulate service conditions with high accuracy with regard to the generated forces.
NEW TESTING MACHINE CONCEPTS
High frequency load frame
Testing with high frequencies and a closed power transmission requires an optimally stiff load frame in order to obtain a self-oscillation only at higher frequencies as the testing frequency. To research the eigenmodes, several simulations have been carried out while constructing the load frame. As an example, Fig. 2 shows the optimization process of the upper part of the load frame. However, for high frequency testing, it is also necessary that the whole machine has to be constructed and optimized for such frequencies. At the end of the optimization, for testing frequencies up to 1000 Hz, the testing facility should have no eigenfrequency below 1000 Hz.
Piezo actuator driven testing facility
To date, piezo driven testing facilities are exclusively known as ultra sonic testing machines. In contrast to ultrasonic testing facilities, the first machine concept demonstrated in this paper is based on a high performance piezo actuator, which is able to transmit forces up to 10 kN. The actuator is built in a specially designed high frequency body with a special frame that is also optimised for high frequencies. The load cell is assembled on the opposite side of the actuator (Fig. 3) . In between, any kind of clamping system can be mounted, which fits into the installation space. Therefore, the shape of the specimen is not decisive for the function of this testing facility. The characteristic of piezo ceramic material, combined with an accurate electrical amplifier and a high resolution displacement transducer, offers the possibility of positioning the actuator with a positional error below one micrometer even at high frequencies.
Fig. 3: Details of the piezo actuator driven testing facility
This fact is also very helpful in allowing the testing of small components. Because of prepressing of the piezo stacks by laminated springs, it is possible to test with the load ratio R = -1 (alternating) as well as with R = 0 (pulsating).
Testing at high frequencies and with high accuracy necessitates a fast measurement technique. A sophisticated control technique allows testing with a frequency from 0 to 1000 Hz. The sampling rate of the connected measurement system is 100 kHz, depending on the complexity of the control algorithm. This means 100 measured values per channel and cycle, even at 1000 Hz testing frequency. This enables the use of a fast and exact control algorithm. The test can be controlled by displacement, stress or strain. Also variable amplitudes and variable frequencies are integrated. Therefore, any type of stress-time function can be realized.
Hybrid testing system
The second actuator concept is a hybrid one. A hydraulic system works together with an inertial mass actuator, which is driven by 4 piezo stacks. [ 3, 4 ] This inertial mass actuator is connected in parallel with the hydraulic actuator so that the piezo actuators do not have to bear the static loads. Furthermore, the piezo stacks are clamped in a special mechanical arrangement for displacement enhancement. Since the piezo actuators serve as a spring within their special arrangement, the inertial mass actuator develops an eigenfrequency, which is a desired effect. While the hydraulic system is used to load the specimen at frequencies lower than the mentioned eigenfrequency, the inertial mass actuator can only be used above this eigenfrequency. This is due to the fact that the inertial mass serves as a blocking mass and only a frequency higher than the eigenfrequency ensures that the loading reaches the specimen. Above this eigenfrequency of approximately 80 Hz, the working performance curve for the inertial mass system is almost linear up to 1000 Hz. (Fig. 4 ) Fig. 4 : Hybrid actuator behaviour [ 4 ] Therefore, while low frequency signals or constant amplitude loading can be transmitted by the hydraulic actuator, the inertial mass system is used to superimpose the high frequency load amplitudes. Based on this concept, a testing machine working only in the high frequency range can be developed by replacing the hydraulic actuator with a spring assembly (Fig. 5) , which has the same stiffness. In this case, the constant load has to be applied prior to testing and cannot be controlled during the test. The static load is measured via the oil pressure in the hydraulic actuator or by a load cell based on strain gauges. A piezo based dynamic load cell is used for the measurement of the high-frequency loads of the machine. This hybrid testing system enables the research of the VHCF regime with variable amplitudes and overloads. The huge number of low amplitude load cycles will be applied with the inertial mass system and the few overloads with the hydraulic actuator.
CONCLUSIONS
Both machine concepts show the excellent applicability of piezo actuators in cyclic material testing, because they are able to operate at different frequencies and also with variable or constant amplitudes. In the testing facilities presented, it is possible to perform tests with variable amplitudes and to test in a large band of frequencies; hence, they have the capability to reach the VHCF regime. To date, the machines are being used for testing specimens in the research program of the DFG "Schwerpunktprogramm 1466 Unendliche Lebensdauer für zyklisch beanspruchte Hochleistungswerkstoffe" to investigate the influence of testing frequency on the durability of aluminium alloys.
